Abstract Activated sludge treatment of nutrient-deficient wastes may lead to severe slime formation and consequent biomass separation difficulties. The purpose of this paper has been to show that bioreactor arrangement essentially influences the manner of biological excess carbon removal. In a comparative labscale experiment two differently arranged activated sludge systems were operated simultaneously: an aerated CSTR with an aerobic selector and an aerated CSTR with an anaerobic selector. The seed derived from an anaerobic/aerobic activated sludge plant of a winery. The model wastewater contained wine, sugar and acetic acid as organic carbon sources and lacked nutrients regarding both N and P, similarly to the influent of the full-scale plant.
Introduction
In activated sludge treatment of nutrient-deficient wastes slime formation is likely to occur leading to hindered settling (Jenkins et al., 1993) . In order to overcome this phenomenon as well as to achieve a low effluent COD concentration, engineering practice uses supplemental nutrient addition. This obviously increases the treatment costs and requires a careful dosing strategy. Nutrient "underdosing" may not eliminate the problem of poor sludge settling, whereas overdosing may lead to originally unnecessary treatment requirements (e.g. nitrification and denitrification). Typically, carbon-rich wastes derive from the production of alcoholic and non-alcoholic beverages (e.g. from wineries and from production of different fruit juices). None of these activities discharges wastewater with an even quality. Thus, both nutrient overdosing and "underdosing" are likely to occur.
Glycogen Accumulating Organisms (GAOs) have become well known as bacteria to be repressed, since their undesired growth may severely decrease the efficiency of enhanced biological phosphorus removal Hartman, 1990, 1993; Mino et al., 1998; Satoh et al., 1994) . As a consequence, research has focussed on the conditions providing advantage for polyphosphate accumulating organisms (PAOs) over GAOs (Grady and Filipe, 2000) . However, when wastewater with low phosphorus content was treated in an anaerobicaerobic activated sludge system besides the presence of PAOs, considerable growth of GAOs could also be observed (Liu et al., 1994) . The explanation is offered by the similar metabolic characteristics. Both types of bacteria are capable of taking up volatile fatty acids and other simple substrates in the anaerobic stage of an anaerobic/aerobic system through hydrolyzing a polymer of high-energy content: glycogen in the case of GAOs and polyphosphate in the case of PAOs. In the aerobic stage these polymers are recovered.
When glycogen is accumulated within the appropriate bacterial cells of the activated sludge, the intracellular polysaccharide content of the biomass may increase from about 8% up to 25-50% resulting in an increased stoichiometric ratio of carbon (Liu et al., 1996) . This leads to the assumption that proportionally less nutrient may be required for the growth of an equal amount of biomass, i.e. an excess amount of carbon can be removed from the wastewater. With regard to its similarity to Enhanced Biological Phosphorus Removal (EBPR) this process can be termed an Enhanced Biological Carbon Removal (EBCR).
Preliminaries and goals
The Balatonboglár Winery in Hungary produces wine and fruit juices and discharges its wastewater into the domestic sewer system. Since the COD value of the untreated wastewater had usually highly exceeded the permitted discharge level of 1,000 mg l -1 , establishment of a treatment plant was decided on. In order to assist the design, preliminary pilot-scale studies were carried out on site. The activated sludge of a system with a first anaerobic stage showed significantly better settling characteristics than those deriving from fully aerated systems. Based on these results, the established plant of the Balatonboglár Winery contains an anaerobic first stage followed by aerobic stages. This treatment plant has been in operation for more than a year and provides excellent efficiency, although the wastewater is severely nutrient deficient and no supplemental nutrient source has been provided.
Both the preliminary pilot-scale experiments and the operation of the full-scale plant have been followed only by common analytical measurements (e.g. COD, SVI, etc.) that do not provide appropriate information on the causes of the observations. Thus, the purpose of the experimental studies presented in this paper has been the verification of the role of the bioreactor arrangement and the presence of GAO bacteria in the anaerobic/aerobic treatment systems.
Experimental procedure Setup and operation
In the experimental studies two differently arranged activated sludge systems: an aerated CSTR with an aerobic selector and an aerated CSTR with an anaerobic selector were operated simultaneously. Both of these systems had a total reactor volume of 8.5 l, whereas the volumes of the selectors were 2.5 l each. Both systems were equipped with secondary clarifiers having a volume of 3 l each. The experimental systems were started up by using the activated sludge of the Balatonboglár Winery Wastewater Treatment Plant as a seed. The model wastewater was put together to mimic that of a winery and contained sugar (~700 mg COD l -1 ), acetic acid (~400 mg COD l -1 ) and wine (~800 mg COD l -1 ) as organic carbon sources giving a total COD of approximately 1,900 mg l -1 . CaCl 2 , MgCl 2 and K 2 HPO 4 were added in concentrations of 36 mg l -1 , 16.5 mg l -1 and 1 mg l -1 , respectively, and the sole source of nitrogen in the medium was the organic nitrogen content of the wine. This led to the fact that the model wastewater was in severe lack of nutrients regarding both N and P, just as the wastewater of the Balatonboglár Winery has usually been.
Beginning from the second week of the operation the influent pH was set to 6.5 using NaOH. The pH in the reactors stabilized around a value of 8.1, except for the anaerobic selector where the average pH was 6.5. Since temperature-control was not applied, the temperature of both systems increased from 21°C to 24°C during the experimental period. It must be noted that the full-scale plant providing the seed activated sludge had an operational temperature of 29°C. The influent flow rate was set to 500 cm 3 h -1 giving a hydraulic retention time of 23 hours in the whole system. The ratio of the recycled sludge was 100%. A mixed-liquor suspended solids (MLSS) concentration of 4 g l -1 was aimed to be maintained. Excess sludge was removed on a daily basis -in addition to the effluent suspended solids -providing a sludge retention time of 7-8 days.
Analytical methods
Common parameters. The operation of the systems was detected by the following measurements: chemical oxygen demand (COD) of the influent, of filtered samples from the reactors and of filtered and unfiltered samples of the effluent; mixed liquor suspended solids (MLSS) in each reactor; sludge volume index (SVI); temperature and pH in the reactors. All these parameters were measured according to standard methods.
Polysaccharide content. The procedure used was based on the method of Yamamoto and Matsui (1989) . In order to remove the soluble carbohydrate content of the wastewater, a washing step was carried out. 20 cm 3 of the activated sludge sample was centrifuged for 10 min at 6000 g, the supernatant was removed and the sediment was resuspended in 20 cm 3 distilled water. The resuspended sample was centrifuged at 6,000 g for 10 min. The carbohydrate content of the sediment giving the value of the total polysaccharide content of the biomass was determined by using the phenol method.
The washed sediment was resuspended in 10 cm 3 distilled water. The suspension was heated at 105°C for 30 min in an autoclave in order to solubilize the extracellular carbohydrate content of the activated sludge. The autoclaved samples were centrifuged for 10 min at 6,000 g. The carbohydrate content of the treated sediment giving the amount of intracellular polysaccharide was determined by using the phenol method. The extracellular polysaccharide content of the biomass was calculated as the difference between the total and the intracellular polysaccharide content values.
Microscopic observations. The presence of GAOs was investigated based on morphological characteristics by using light microscopy under phase contrast. Cell size, cell shape and PHB staining of the cells were examined. Extracellular polysaccharides were visualized by staining the activated sludge samples with India ink and by staining with Crystal Violet (Jenkins et al., 1993) .
Results and discussion
As can be seen in Figure 1(a) , following the start-up phase the sludge settling characteristics of the system having an anaerobic first stage proved to be much more favorable. The SVI values of the fully aerated system increased up to 600-800 cm 3 g -1 whereas those of the anaerobic/aerobic system remained under 250 cm 3 g -1 . The high SVI values were caused by the deterioration of the biomass structure (non-filamentous bulking, slime formation). In extreme cases the sludge could not be separated at all, leading to high effluent suspended solids values. This phenomenon also effected the effluent total (unfiltered) COD values of the aerobic system, which increased to a level of about 2,500 mg l -1 (see Figure 1 (b) ). At the same time, bioreactor arrangement -in the applied configurations -did not significantly influence the effluent dissolved COD level of ~1,000 mg l -1 . The high effluent suspended solids content in the fully aerated system led to a loss of biomass, so decreasing MLSS in the bioreactors of this system to approximately 3 g l -1 . As a consequence, SRT also decreased during this period, which may explain the slight increase in effluent dissolved COD.
The distribution of biomass polysaccharide content, which is indicated by the amounts of extra-and intracellular polysaccharides, is shown in Figure 2 . The total polysaccharide content of the activated sludge in both systems remained fairly unchanged during the whole experimental period. The high value of ~55% of MLSS -compared to the usual 10-15% -can be attributed to the fact that the wastewater was nutrient-deficient.
However, major differences could be detected between the two systems regarding the intra-and extracellular amounts of the polysaccharides. In the start-up phase the activated sludge of the two experimental systems had similarly high intracellular polysaccharide contents (~45% of MLSS) and low extracellular polysaccharide contents (~10% of MLSS), which can be attributed to the quality of the seed. Significant reduction of the amount of intracellular polysaccharides -down to ~15% of MLSS -was observed in the fully aerated system accompanied by an increase of extracellular polysaccharide content up to ~35% of MLSS. In the case of the anaerobic/aerobic system the high (~40% of MLSS) intracellular polysaccharide content could be maintained. These data confirm that a favorable excess carbon removal can be achieved by the application of the given bioreactor configuration.
The microscopic images of the activated sludge samples stained with India ink are presented in Figure 3 . The difference between the two systems is apparent. The image shown in Figure 3 (b) refers to severe slime formation, i.e. excess extracellular polysaccharide content -represented by the large bright area -in the case of the fully aerated system. However, significantly reduced slime formation can be observed in the activated sludge sample of the anaerobic/aerobic system.
In Figure 4 SVI values are plotted versus the extracellular polysaccharide contents of the activated sludges using data obtained after the startup phase. The strict (exponential) correlation verifies that the observed non-filamentous bulking is caused by the severe overproduction of extracellular polysaccharides in the biomass.
Although the high intracellular polysaccharide content of the biomass of the anaerobic/aerobic system already refers to the presence of GAOs in this activated sludge, further evidence has been provided by the observed morphology, as shown in Figure 5 . According to Liu et al. (1996) GAOs are either cocci (0.8-2.5 µm in diameter) occurring in pairs, tetrads or aggregates, or large oval rods (2-3 µm in diameter). These formations, which stained PHB positive, were abundant in the activated sludge of the anaerobic/aerobic system. In contrast, in the second half of the experimental period, such bacteria could not be observed in the microbial population of the fully aerated system, which was in good agreement with the low intracellular polysaccharide content of this sludge.
Results of the microscopic observations regarding the biomass deriving from the ously differs from that of the fully aerated lab-scale system. Both suppressed slime formation and the presence of GAOs -although smaller in size -could also be observed in the biomass of the full-scale plant.
Conclusions
The results of the lab-scale experiment, as well as the comparison with the full-scale plant, have verified the role of bioreactor configuration in treating wastes of high carbohydrate concentration and nutrient-deficiency. Both analytical measurements and microscopic observations revealed that the reason why the bioreactor arrangement with an anaerobic first stage provides suppressed extracellular polysaccharide formation and much better settling sludge is the growth of GAOs in this system. These bacteria are able to accumulate excess carbon within their cells thereby decreasing the relative nutrient deficiency in the solution and the amount of the source of slime formation. 
